Background: Hemorrhage is a leading cause of preventable trauma death. In this study, we used the reverse shock index (RSI), a ratio of systolic blood pressure (SBP) to heart rate (HR), to evaluate the hemodynamic stability of trauma patients. As an SBP lower than the HR (RSI < 1) may indicate hemodynamic instability, the objective of this study was to assess the associated complications in trauma patients with an RSI < 1 upon arrival at the emergency department (ED) (indicated as (A)RSI) and at the time of departure from the ED (indicated as (L)RSI) to the operative room or for admission. Methods: Data obtained from all 16,548 hospitalized patients recorded in the trauma registry system at a Level I trauma center between January 2009 and December 2013 were retrospectively reviewed. A total of 10,234 adult trauma patients aged ě20 were enrolled and subsequently divided into four groups: Group I, (A)RSI ě 1 and (L)RSI ě 1 (n = 9827); Group II, (A)RSI ě 1 and (L)RSI < 1 (n = 76); Group III, (A)RSI < 1 and (L)RSI ě 1 (n = 251); and Group IV, (A)RSI < 1 and (L)RSI < 1 (n = 80). Pearson's χ 2 test, Fisher's exact test, or independent Student's t-test was conducted to compare trauma patients in Groups II, III, and IV with those in Group I. Results: Patients in Groups II, III, and IV had a higher injury severity score and underwent a higher number of procedures, including intubation, chest tube insertion, and blood transfusion, than Group I patients. Additionally, patients of these groups had increased hospital length of stay (16.3 days, 14.9 days, and 22.0 days, respectively), proportion of patients admitted to the intensive care unit (ICU) (48.7%, 43.0%, and 62.5%, respectively), and in-hospital mortality (19.7%, 7.6%, and 27.5%, respectively). Although the trauma patients who had a SBP < 90 mmHg either upon arrival at or departure from the ED also present a more severe injury and poor outcome, those patients who had a SBP ě 90 mmHg but an RSI < 1 had a more severe injury and poor outcome than those patients who had a SBP ě 90 mmHg and an RSI ě 1. Conclusions: SBP lower than heart rate (RSI < 1) either upon arrival at or departure from the ED may indicate a detrimental sign of poor outcome in adult trauma patients even in the absence of noted hypotension.
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Background
Uncontrolled bleeding is the leading cause of potentially preventable deaths after severe trauma [1, 2] . Hemorrhagic shock accounts for approximately 50% of deaths in the first 24 h after injury [3, 4] . In addition, 40% of trauma-related deaths are attributed to uncontrolled hemorrhagic shock or its sequelae (such as multiple organ failure) [5] . Measurements of vital signs such as systolic blood pressure (SBP) and heart rate (HR) are unreliable for identifying hypovolemic shock [6, 7] . For example, hypotensive individuals can have normal tissue perfusion and those who have had hypertension can have a normal blood pressure during shock [8, 9] . To identify hypovolemic shock in patients with trauma, in 1967, Allgower and Burri introduced the concept of shock index (SI), which is the ratio of HR to SBP [10] . The SI is known to be a capable measure for hemodynamic instability [11] [12] [13] and a clinical indicator of hypovolemic shock upon arrival at the emergency department (ED), with respect to transfusion requirements and hemostatic resuscitation [14] . Published studies to date suggest that an SI ě 1 generally indicates an uncompensated shock state that may require further resuscitation [15, 16] . Moreover, SI was shown to be a strong predictor of postintubation hemodynamic instability at the ED [17] . Patients with an SI ě 1 had a significantly higher transfusion requirement and a higher mortality rate than other major trauma patients, despite prehospital crystalloid resuscitation [11] . In addition, an SI ě 1 is associated with an adjusted odds ratio (AOR) of 10.5 (95% confidence interval (CI): 9.3-11.7) for 30-day mortality [18] .
An SI ě 1 indicates HR ě SBP. Although the SI is a useful indicator of shock status of trauma patients, the calculation of the SI as the ratio of HR to SBP contradicts the basic concept of shock, which is generally accompanied by a decreased SBP. In a hemodynamically unstable patient, the SBP is lower than the HR, but not a HR being elevated higher than the SBP, which is revealed as the ratio of the SI. Therefore, we prefer to use the reverse shock index (RSI), the ratio of SBP to HR, to evaluate the hemodynamic stability of trauma patients. An RSI < 1 indicates that the SBP is decreased and lower than the HR and the patient is in a potential state of shock. One of the major benefits of using the RSI for evaluation in the ED is that it can be used quickly without any additional calculation or equipment, especially in crowded EDs where patients may have to wait for hours before evaluation by a physician [19] . An SBP lower than HR (RSI < 1) may alert trauma physicians in a timely manner to recognize the potential hemodynamic instability, allow early intervention, and monitor the response of the resuscitation. Therefore, this study was designed to evaluate the associated outcome of patients with SBP < HR (i.e., RSI < 1) upon arrival at the ED (indicated as (A)RSI) and at the time of departure from the ED (indicated as (L)RSI) to the operative room or for admission, using data from the trauma registry system collected over a five-year period at a Level I trauma center.
Methods

Ethics Statement
The Chang Gung Memorial Hospital Institutional Review Board (IRB) approved this study (approval number 104-0582B). Informed consent was waived according to the IRB regulations.
Study Design
This retrospective study was conducted at the Kaohsiung Chang Gung Memorial Hospital, a 2400-bed facility and Level I regional trauma center that provides care to trauma patients primarily from southern Taiwan. This study reviewed all 16,548 hospitalized and registered patients added to the Trauma Registry System between 1 January 2009 and 31 December 2013. Because children have a normally high HR, only patients aged ě20 were included in this study. Patients who had incomplete data were also excluded. The RSI was calculated as the ratio of SBP to HR (RSI = SBP/HR). In total, 10,234 adult trauma patients were enrolled in this study and were then divided into four groups: Group I, (A)RSI ě 1 and (L)RSI ě 1 (n = 9827); Group II, (A)RSI ě 1 and (L)RSI < 1 (n = 76); Group III, (A)RSI < 1 and (L)RSI ě 1 (n = 251); and Group IV, (A)RSI < 1 and (L)RSI < 1 (n = 80). Group I (stable throughout: patients with a stable hemodynamic status upon both arrival at and departure from the ED) was used as a reference for comparison with Group II (decompensating (stable to unstable): patients with a stable hemodynamic status upon arrival at the ED but whose condition worsened during departure from the ED); Group III (improving (unstable to stable): patients with hemodynamic instability upon arrival at the ED but with an improved condition at the time of departure from the ED); and Group IV (unstable throughout: patients with hemodynamic instability upon both arrival at and during departure from the ED). Additionally, these 10,234 trauma patients were further divided into four additional groups according to their SBP: Group V, (A)SBP ě 9 0 mmHg and (L)SBP ě 90 mmHg (n = 9960); Group VI, (A)SBP ě 90 mmHg and (L)SBP < 90 mmHg (n = 35); Group VII, (A)SBP < 90 mmHg and (L)SBP ě 90 mmHg (n = 191); and Group VIII, (A)SBP < 90 mmHg and (L)SBP < 90 mmHg (n = 48). Patients leaving the ED were further transferred to the ward, intensive care unit (ICU), or the operative room.
Detailed patient information was collected with regard to age, sex, vital signs (assessed by the physician upon arrival at and departure from the ED), the Glasgow coma scale (GCS) score (assessed upon arrival at the ED), procedures performed by the physician at the ED (intubation, chest tube insertion, and blood transfusion), the abbreviated injury scale (AIS) score for each body region, the injury severity score (ISS), the new injury severity score (NISS), the trauma and injury severity score (TRISS), length of stay (LOS) in the hospital, LOS in the ICU, in-hospital mortality, and complications associated with injuries. In our study, the primary outcome was in-hospital mortality, and the secondary outcomes were the proportion of patients admitted into the ICU, the LOS in the hospital, and the LOS in the ICU.
Data were compared using SPSS version 20 statistical software (IBM Corporation, Armonk, NY, USA). We used a Pearson's χ 2 test, Fisher's exact test, or independent Student's t-test, as applicable. All results are presented as mean˘standard error. A p-value of <0.05 was considered statistically significant. A single logistic model was employed to simultaneously estimate the relationship between the independent variables and the outcome. Odds ratios (ORs) were calculated with 95% confidence intervals (CIs). To estimate associations between different groups and mortality outcomes, we created separate logistic regression models controlled by the most important confounder-ISS-and expressed AORs for mortality with 95% CIs.
Results
Injury Characteristics of Patients Divided According to Reverse Shock Index (RSI)
The mean ages of patients in Groups I, II, III, and IV were 42.9˘13.4, 39.3˘13.7, 39.4˘12.6, and 38.2˘12.7 years, respectively (Table 1 ). Compared to Group I patients, Group II, III, and IV patients had a significantly younger population. A statistically significant male predominance was found in both Group III and IV patients as compared to Group I patients. There were also significantly lower GCS scores of more than 1 point in Group II, III, and IV patients than in Group I patients. In addition, the distribution of scores (GCS ď 8, 9-12 or ě 13) were different between patients of Groups II, III, and IV and those of Group I. Analysis of AIS scores revealed that, compared to Group I patients, Group II patients had sustained significantly higher rates of injuries to the head/neck, face, thorax, and abdomen, but not to the extremities; Group III patients had sustained significantly higher rates of injuries to the head/neck, face, thorax, abdomen and extremities; and Group IV patients had sustained significantly higher rates of injuries to the head/neck, thorax, abdomen and extremities. A significantly higher ISS score was found in Group II, III, and IV patients in comparison to Group I patients. When stratified by injury severity (ISS of <16, 16-24, or ě25), Groups II, III, and IV had more patients with an ISS of 16-24 and ě25 and had less patients with an ISS of <16 than Group I patients. In addition, we also found a significantly higher NISS in Group II, III, and IV patients than in Group I patients. Further, Group I patients showed a significantly lower TRISS than Group II, III, and IV patients. The in-hospital mortality rate of Group II (19.7%; p < 0.001), III (7.6%; p < 0.001), and IV (27.5%; p < 0.001) patients were significantly higher than that of the Group I patients (0.9%). After adjustment by ISS, the AOR of mortality of the Group II, III, and IV patients was 7.6-fold (95% confidence interval (CI): 3.5-16.4; p < 0.001), 2.0-fold (95% CI: 1.0-3.8; p = 0.047), and 9.5-fold (95% CI: 4.9-18.8; p < 0.001) greater than that of the Group I patients, respectively.
Injury Characteristics of Patients Divided According to Systolic Blood Pressure (SBP)
Compared to Group V patients, no significant difference in the age and sex was found in Group VI, VII, and VIII patients ( Table 2 ). There were significantly lower GCS scores of more than 1 point in Group VI, VII, and VIII patients as compared to Group V patients. In addition, the distribution of scores (GCS ď 8, 9-12 or ě 13) were different between patients of Groups VI, VII, and VIII and those of Group V. Analysis of AIS scores revealed that, compared to Group V patients, Group VI patients had sustained significantly higher rates of injuries to the head/neck and thorax, but not to the face, abdomen, and extremities; Group VII patients had sustained significantly higher rates of injuries to the head/neck, thorax, abdomen, and extremities, but not to the face; and Group VIII patients had sustained significantly higher rates of injuries to the thorax and abdomen, but not to the head/neck, face, and extremities. A significantly higher ISS score was found in Group VI, VII, and VIII patients in comparison to Group V patients. When stratified by injury severity (ISS of <16, 16-24, or ě25), the Group VI, VII, and VIII patients had more patients with an ISS of 16-24 and ě25 and had less patients with an ISS of <16 than Group V patients. In addition, we found a significantly higher NISS in Group VI, VII, and VIII patients than in Group V patients. Furthermore, Group V patients showed a significantly lower TRISS than Group VI, VII, and VIII patients. The in-hospital mortality rate of Group VI (31.4%; p < 0.001), VII (8.9%; p < 0.001), and VIII (25.0%; p < 0.001) patients were significantly higher than that of the Group V patients (1.1%). After adjustment by ISS, the AOR of mortality of the Group VI, VII, and VIII patients was 28.1-fold (95% confidence interval (CI): 11.6-68.2; p < 0.001), 3.7-fold (95% CI: 1.9-7.6; p < 0.001), and 11.1-fold (95% CI: 4.9-25.5; p < 0.001) greater than that of the Group V patients, respectively. Table 3 , all Group II, III, and IV patients had a significantly higher odds ratio (OR) for receiving intubation, chest tube insertion, and blood transfusion than Group I patients. A significantly longer hospital LOS was noted among Group II, III, and IV patients compared with Group I patients (16.3, 14.9, and 22.0 vs. 8.9 days, respectively; p < 0.001). A total of 5203 (52.9%) patients from Group I, 32 (42.1%) patients from Group II, 110 (43.8%) patients from Group III, and 9 (11.3%) patients from Group IV went to the operating room directly from the ED. Furthermore, a significantly larger proportion of Group II, III, and IV patients were admitted to the ICU as compared to Group I patients (48.7%, 43.0%, and 62.5% vs. 15.1%, respectively; all p < 0.001). A significantly longer ICU LOS was noted in Group IV patients (14.7 vs. 8.8 days; p < 0.001), but not in Group II and IV patients. Table 3 . Demographic and injury characteristics of hospitalized trauma patients divided by the level of SBP. 
Management Characteristics of Patients Divided According to the RSI
As shown in
Management Characteristics of Patients Divided According to the SBP
Compared with Group V patients, Group VI patients had a statistically significantly higher OR for receiving intubation and blood transfusion (OR: 4.8 and 8.4, p = 0.030 and < 0.001, respectively); Group VII patients had a statistically significantly higher OR for receiving intubation, chest tube insertion, and blood transfusion (OR: 4.7, 5.6, and 16.0, respectively, all p < 0.001); and Group VIII patients had a statistically significantly higher OR for receiving intubation, chest tube insertion, and blood transfusion (OR: 11.8, 6.4, and 24.3, p < 0.001, p = 0.005, and p < 0.001, respectively) ( Table 4) . A significantly longer hospital LOS was noted among Group VII and VIII patients, but not Group VI patients, compared with Group V patients (Group VII and VIII: 12.2 and 21.4 vs. Group V: 9.1 days, p < 0.001 and p = 0.001, respectively). Furthermore, a significantly larger proportion of Group VI, VII, and VIII patients were admitted to the ICU as compared to Group V patients (40.0%, 39.8% and 54.2% vs. 15.7%, respectively; all p < 0.001), and Group VI, VII, and VIII patients did not show significantly longer ICU LOS than Group V patients.
Injury Characteristics of Patients with SBP ě 90 mmHg but RSI < 1
Discrepancy of injury characteristics existed in the subgroups of patients divided by either the RSI or SBP level (Table 5) . Upon arrival at the ED, 186 (1.8%) patients had an SBP ě 90 mmHg but an RSI < 1, indicating the occurrence of an occult hypoperfusion even in the absence of noted hypotension. However, at the time of departure from the ED, 112 (1.1%) patients had an SBP ě 90 mmHg but an RSI < 1. As shown in Table 6 , further analysis compared the patients with SBP ě 90 mmHg but RSI < 1 to those who had a recognized stable hemodynamic condition (i.e., RSI ě 1 and SBP ě 90 mmHg) and revealed that regardless of arrival at the ED or departure from the ED, a significantly lower GCS score, higher proportion of patients in comatose status (GCS ď 8), higher rates of injuries to the head/neck, face, thorax, and abdomen, but lower rate of injures to the extremities, higher ISS score, more patients with an ISS of 16-24 and ě25 and less patients with an ISS of < 16, and higher in-hospital mortality rate were found. After adjustment with ISS, the AOR of mortality of the group of patients (SBP ě 90 mmHg but RSI < 1) was 2.2-fold (95% CI: 1.1-4.5; p = 0.036) and 6.2-fold (95% CI: 3.2-11.9; p < 0.001) upon arrival at and the time of departure from the ED, respectively, greater than that of the hemodynamic patients. Notably, the number of the patients with poor outcome identified by an RSI < 1 either upon arrival or departure from the ED (total of 407 patients in Levels II + III + IV) was larger than that of patients with poor outcome, identified by an SBP < 90 mmHg (total of 274 patients in Levels VI + VII + VIII), indicating that RSI may be more sensitive than SBP for identifying the patients at risk of poor outcome in the ED.
Management Characteristics of Patients with SBP ě 90 mmHg but RSI < 1
Compared to the hemodynamically stable patients who had an RSI ě 1 and an SBP ě 90 mmHg, those who had an SBP ě 90 mmHg but an RSI < 1 (Table 7) presented a significantly higher OR for receiving intubation, chest tube insertion, and blood transfusion (OR: 5.5, 7.3, and 8.2, respectively, all p < 0.001), longer hospital LOS (16.6 vs. 9.0 days; p < 0.001), proportion of patients admitted to the ICU (43.5% vs. 15.3%; p < 0.001), and ICU LOS (13.2 vs. 8.7 days; p < 0.001).
Characteristics of Associated Injuries of Patients Divided According to the RSI
In the head/neck region, all three groups (II, III, and IV) had a significantly higher OR for sustaining cranial fracture and cervical vertebral fracture than Group I patients. In the thoracic region, all three groups had a significantly higher OR for sustaining rib fracture, hemothorax, pneumothorax, hemopneumothorax, and lung contusion. In the abdomen, all three groups had a significantly higher OR for sustaining hepatic injury and splenic injury. In the extremity region, all three groups had a significantly higher OR for sustaining pelvic fracture and femoral fracture. In addition, all three groups showed significantly higher ORs for sustaining several associated injuries as compared to Group I patients; detailed information on this is listed in Figure 1 and Table A1 . Table 7 . Management characteristics of hospitalized trauma patients who had stable SBP but an RSI < 1. Figure 1 . The odds ratio of the associated injuries of hospitalized trauma patients in Groups II, III, and IV vs. trauma patients in Group I.
Variables
Discussion
SI is a known predictor of mortality and adverse outcomes in trauma patients [20] . In prior reports, patients with an SI ě 1 had a higher mortality rate than other major trauma patients [10, 11, 21] and such an SI presented as the strongest predictor for mortality (OR: 3.1; 95% CI: 2.6-3.3; p = 0.001) in a review of 485,595 geriatric trauma patients [22] . In addition, an SI ě 1 is associated with a higher 30-day mortality (AOR: 10.5; 95% CI: 9.3-11.7) [18] . In this study, an SBP lower than HR (i.e., RSI < 1) yields an SI ě 1. Therefore, as expected, in trauma patients, an RSI < 1 either upon arrival at or departure from the ED indicated a more severe injury and poor outcome. Group II, III, and IV patients had a higher ISS and underwent more procedures than Group I patients; they also had increased hospital LOS, increased admission to the ICU, and in-hospital mortality. Moreover, they had a higher incidence of commonly associated injuries, particularly severe injury to the thoracoabdominal areas that could cause significant blood loss, including rib fracture, hemothorax, pneumothorax, hemopneumothorax, lung contusion, hepatic injury, and splenic injury. In addition, the trauma patients who had an SBP < 90 mmHg either upon arrival at or departure from the ED presented more severe injury and poor outcome than those patients who had an SBP ě 90 mmHg. Group VI, VII, and VIII patients had a higher ISS and underwent more procedures compared to Group V patients; they also had the worst outcomes of the patients admitted to the ICU and in-hospital mortality. However, those patients who had an SBP ě 90 mmHg but an RSI < 1 either upon arrival at or departure from the ED presented more severe injury and poor outcome than those hemodynamically stable patients, revealing that even though no hypotension was noted, an RSI < 1 may indicate an occult sign of the deteriorated physiological condition. In addition, the number of patients with poor outcome identified by an RSI < 1 either upon arrival at or departure from the ED was larger than those patients with poor outcome identified by an SBP < 90 mmHg, indicating that RSI may be more sensitive than SBP for identifying patients at risk of poor outcome in the ED.
In Group II patients who had a stable hemodynamic status upon arrival at the ED but whose condition worsened at departure from the ED, a 7.6-fold higher odds of mortality was found as compared to Group I patients. The deterioration of a stable hemodynamic status during the stay at the ED may imply an inadequate resuscitation, a collapse of the physiological reserve after the trauma, or unidentified associated hemorrhage. In addition to the abovementioned injures to the thoracoabdominal areas as well as pelvic and femoral fractures, a higher OR for sustaining cranial fracture (3.5-fold), epidural hematoma (4.6-fold), subdural hematoma (3.2-fold), subarachnoid hemorrhage (3.2-fold), cerebral contusion (4.0-fold), cervical vertebral fracture (4.7-fold), maxillary fracture (2.5-fold), and humeral fracture (9.5-fold) was noted among Group II patients as compared to Group I patients. In addition, nearly half the patients (48.7%) in Group II required admission to the ICU. The higher mortality rate found in Group II patients indicates that patients who have a stable hemodynamic condition upon arrival at the ED but experience a rapid deterioration of hemodynamic status at the ED require specific attention. Young patients who present with tachycardia and mild hypotension are in danger of compensatory mechanism failure and may slip into profound shock unless vigorous therapy is initiated [23] . In these patients, reliance on SBP alone may delay recognition of the shock state [23] . In addition, in Group III patients who had hemodynamic instability upon arrival at the ED but whose condition improved at the time of departure, an improved condition was noted after resuscitation during the stay at the ED, though there was a 2.0-fold higher odds of mortality as compared to Group I patients, and 43% of Group III patients required admission to the ICU.
Among all these patients, Group IV patients who had hemodynamic instability at both arrival at and departure from the ED are of prime focus, because they had worse outcomes compared to patients in the other groups. The Group IV patients, albeit younger, had a 9.5-times greater AOR for mortality than Group I patients. These patients also had a longer LOS in the hospital (22.0 days) and ICU (14.7 days) as well as a higher proportion of patients admitted into ICU (62.5%). In addition to the injures to the thoracoabdominal areas as well as pelvic and femoral fracture, a higher OR for sustaining cranial fracture (3.2-fold), epidural hematoma (3.4-fold), subdural hematoma (2.5-fold), intracerebral hematoma (4.1-fold), cervical vertebral fracture (7.6-fold), and humeral fracture (5.1-fold) was noted among Group II patients than among Group I patients. Currently, although it is essential to stabilize the patient's hemodynamic status before transfer to avoid circulatory complications, strong evidence defining the optimal blood pressure level during active hemorrhagic shock or resuscitation is lacking in the literature [24, 25] . High-volume fluid resuscitation with crystalloids has been replaced with damage control resuscitation (DCR), which consists of hypothermia prevention, permissive hypotension (SBP targeted at 90 mmHg in bleeding patients without head injury), immediate administration of blood products, prevention of crystalloid and colloid use, and damage control surgery or angioembolization to treat the cause of bleeding [26] [27] [28] [29] . For patients with trauma but without brain injury, the European guidelines recommend a target SBP of 80-90 mmHg until major bleeding in the initial phase has been stopped [30] . The DCR strategies have generally been performed at the ED for more than a decade in our hospital and the additional use of an RSI < 1 to monitor the hemodynamic status of the patients may have the potential to identify some subjects with occult hypotension among these trauma patients.
Despite the important findings, our study has a few limitations. First, as mentioned above, the data were collected prospectively as a part of the required trauma registry process, but our analyses were performed retrospectively and are thus subject to the limitations of all retrospective studies. Because of the retrospective nature of the study, we were unable to clarify the cause´effect relationship of massive bleeding and mortality; however, even a hypoperfusion status may not cause mortality directly, although it may have some detrimental effects on the distal important vital organs. In addition, the lack of available data regarding the factors influencing the decision-making regarding patient management such as the requirement of operation, blood transfusion, or admission into the ICU may have biased the outcome. Second, injured patients who did not survive at hospital arrival or who were discharged from the ED were not included in the sample, which could result in a selection bias. Third, because the patients' HR or SBP fluctuated with each minute, the values of RSI changed accordingly. Some borderline patients may develop an RSI < 1 or > 1 at some time points in the ED, making the assignment of some patients to a group debatable. Fourth, the impact of pre-existing comorbidities and the lack of available data regarding patient management in the course of hospitalization was not included and may have resulted in a bias in the outcome. Finally, some important data, such as those regarding cost, complications, and rehabilitation process, were not assessed and may have limited the outcome evaluation results.
Conclusions
This retrospective analysis spanning a five-year period showed that using a reverse shock index RSI < 1 as a threshold to evaluate the hemodynamic stability of trauma patients during the emergency department (ED) stage can identify poor outcomes in certain subgroups of patients in the ED setting. As a reverse value of the shock index (SI) and being mathematically equivalent, RSI is expected to express a similar usefulness as the SI; however, this study replaced SI with RSI intentionally to illustrate that the trauma patients whose systolic blood pressure (SBP) was lower than heart rate (HR) upon arrival at and departure from the ED, i.e., RSI < 1, had a poor outcome and required special attention.
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